In this issue of Neuron, Harris et al. (2018) show that a signal transduction pathway normally exploited by the innate immune system in recognizing foreign agents plays a critical role in controlling a synapse's ability to maintain stability in the efficacy of synaptic transmission over both rapid and prolonged timescales.
Homeostatic regulation is a fundamental principal in the physiological control of many biological machines. First explored in detail by Walter Cannon (Cannon, 1929) , homeostatic principles are widespread through multi-organ systems function, as well as at the single-cell level. In the nervous system, several investigators discovered that individual neurons will adjust both the ease with which they can be triggered to fire an action potential and the impact of an action potential on synaptic transmission (Davis and M€ uller, 2015; Turrigiano, 2008) in response to chronic changes either in firing frequency or in the efficacy of synaptic transmission. Such homeostatic regulation is known to be operational in human neuromuscular junctions (NMJs) as disease-driven changes in nicotinic receptor function also leads to a corresponding upregulation of presynaptic acetylcholine release (Cull-Candy et al., 1980) . Remarkably, at the Drosophila NMJ, acute changes in the efficacy of postsynaptic receptors leads to a rapid readjustment on the presynaptic side such that it upregulates how much neurotransmitter is released to compensate for the now inefficient receptors within 10 min. Furthermore, this upregulation can be sustained over very long time periods (Davis and M€ uller, 2015) . The ability to drive such rapid homeostatic changes provided an exciting window to try to answer many fundamental questions: what part of the presynaptic machinery can be altered to improve release? What signal conveyed the information that the muscle receptors were no longer as efficient? How do you coordinate the changes meant to fix things in 10 min with changes meant to sustain alterations for days or weeks? In the last 15 years, the Davis lab has made use of unbiased forward genetic screens to provide answers to the first two questions and now have tantalizing clues about how the potential coordination of presynaptic homeostatic plasticity (PHP) occurs on diverse timescales.
In the 1990s, the power of Drosophila genetics was used to elucidate the pathways required for pathogen recognition by cells of the innate immune response. The seminal discovery from Jules Hoffman in 1996 revealed that fungal infection in Drosophila required the Toll receptor, sp€ atzle, the ligand for Toll, and Cactus, a component of the NFkB pathway, to induce expression of the anti-fungal peptide drosomycin (Lemaitre et al., 1996) . Importantly, this study also revealed that innate immune responses to bacteria are regulated by additional pathways with distinct components. Indeed, additional innate immune receptors, including the peptidoglycan recognition protein (PGRP), were subsequently identified in Drosophila, and a superfamily of Toll-like receptors (TLRs) with structural similarities was identified in mammals (Beutler, 2000) . Unlike Toll, which binds to the Drosophila protein sp€ atzle, TLRs bind a broad variety of biomolecules made by pathogens termed pathogen-associated molecular patterns (PAMPs). TLR engagement signals through a limited number of downstream signaling pathways including NFkB. Since the discovery of TLRs, an even broader array of structurally distinct membrane and cytosolic proteins termed pattern recognition receptors (PRRs) have been identified that, like TLRs, bind to PAMPs and activate innate immune responses. In addition, some PRRs can be activated by cellular components released upon damage to the cell termed damage-associated molecular patterns (DAMPs).
In 2015, the Davis lab determined that the expression of PGRP in neurons was necessary for the expression of PHP (Harris et al., 2015) and that this receptor, when tagged, traffics down to the presynaptic bouton at the NMJ, suggesting that is normally present in this locale. This, in itself, was surprising, as it was the first evidence that an innate immune receptor functioned in the nervous system. In this issue of Neuron (Harris et al., 2018), the same group has strengthened the case for a role of the innate immune signaling pathway in PHP and shows that four sequential elements downstream of PGRP in an innate immunity signaling cascade also operate to control PHP at the Drosophila NMJ. The Davis group took advantage of the finding that PHP can be driven over long timescales by introducing function-impairing genetic mutations into the muscle neurotransmitter receptors to probe what parts of the PGRP signaling pathway might be needed to for acute versus chronic homeostatic regulation. The innate immune response ultimately drives a gene-transcription program through activation of the NF-kB-type transcription factor Relish, and the new work shows that that Relish and the upstream kinase IKKb are both required for sustained and acute activation of PHP. Remarkably, the signal cascade appears to bifurcate one layer up: the serine/threonine kinase Tak1, which is also activated by PGRP, is only needed for controlling acute PHP regulation (i.e., the response in 10 min) but not necessary for driving PHP over long timescales. Furthermore, unlike the other components of the PGRP pathway, Tak1 is necessary for normal functioning of the synapse, even in the absence of explicit queues that drive PHP. In the absence of Tak1, synaptic vesicles, specifically those that a primed near release sites at the plasma membrane, become depleted. Thus, it appears that this MAP kinase family member can normally tune the primed vesicle state.
These studies bring up several interesting questions. Looming largest among these is what ligands trigger the PGRP to activate PHP? Bacterial peptidoglycans are PAMP ligands for PGRP, and it is possible that PHP is triggered by bacterial pathogens. In this regard, PGRP expressed by optopaminergic neurons in Drosophila modulates their activity in regulating egg laying in response to bacterial peptidoglycans (Kurz et al., 2017) . Perhaps more likely is that PHP is regulated by DAMP-like ligands released from muscle cells at an NMJ that bind to PGRP to mediate PHP. These ligands could be released due to changes in the density of post-synaptic transmitter receptors or the size of the muscle fiber. The Davis group previously showed a ge-netic interaction between PGRP-LC and endostatin (Harris et al., 2015) , a proteolytic cleavage product of a collagen VIII that likely resides in the synaptic cleft, in driving PHP. Although PHP is generally examined in the context of genetic, disease-driven, or pharmacological impairment of postsynaptic function, the findings suggest that presynaptic function may always be tuned by muscle-derived signals that gets amplified under certain conditions. Although loss of PGRP function does not appear to impact basal transmission (Harris et al., 2015) , loss of the downstream target Tak1 does. Identifying the targets of Tak1 will likely shed important light on synaptic regulation, as it implies that the phosphorylation state of some key protein(s) controls the size of the docked and releasable synaptic vesicle pool. Similarly, it will be important to discover how Tak1 function itself is regulated and whether upstream signals other than PGRP might drive its function.
